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ABSTRACT 19 

 20 

Threats-in-Motion (TIM) is a warning generation approach that would enable the NWS to 21 

advance severe thunderstorm and tornado warnings from the current static polygon system to 22 

continuously updating polygons that move forward with a storm.  This concept is proposed as a 23 

first stage for implementation of the Forecasting a Continuum of Environmental Threats 24 

(FACETs) paradigm, which eventually aims to deliver rapidly updating probabilistic hazard 25 

information alongside NWS warnings, watches, and other products. 26 

 27 

With TIM, a warning polygon is attached to the threat and moves forward along with it.  This 28 

provides more uniform, or equitable, lead time for all locations downstream of the event.  When 29 

forecaster workload is high, storms remain continually tracked and warned.  TIM mitigates gaps 30 

in warning coverage and improves the handling of storm motion changes.  In addition, warnings 31 

are automatically cleared from locations where the threat has passed.  This all results in greater 32 

average lead times and lower average departure times than current NWS warnings, with little to 33 

no impact to average false alarm time.  This is particularly noteworthy for storms expected to 34 

live longer than the average warning duration (30 or 45 minutes) such as long-tracked supercells 35 

that are more prevalent during significant tornado outbreaks.  36 

Accepted for publication in Weather and Forecasting. DOI 10.1175/WAF-D-20-0159.1.Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/12/21 03:05 PM UTC



 

3 

 

Significance Statement 37 

 38 

Currently, when NWS forecasters issue warnings for long-lasting severe thunderstorms, the 39 

storms are handled by a series of separate warning polygons that are issued one after the other, 40 

often with little overlap, as a storm moves along a path.  This frequently results in non-uniform 41 

lead times for those who are on the border of a severe thunderstorm or tornado warning.  Nearly 42 

adjacent locations can have dramatically different lead times if one location is just outside the 43 

upstream warning. Threats-in-Motion (TIM) aims to transform this traditional paradigm by 44 

having warnings move with the storm, providing more-equitable lead time for all impacted by 45 

the storm, and supporting the capability to provide automated “all clear” information when the 46 

threat has passed.  47 
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1. Introduction 48 

 49 

NWS Weather Forecast Offices (WFOs) are responsible for issuing severe thunderstorm and 50 

tornado warnings as storm-based polygons that are intended to represent the area that a 51 

convective weather hazard is expected to affect for the duration of the warning, typically on the 52 

scales of 0-60 minutes and 10-100 km2 (NWS 2020a).  NWS forecasters issue severe weather 53 

warnings to provide the public, media, and emergency managers with advance notice of 54 

damaging wind gusts, large hail, and tornadoes.  These warnings are geospatially-represented as 55 

polygons that remain in effect for a specified duration.  The forecaster, using the NWS Advanced 56 

Weather Interactive Processing System (AWIPS) Warning Generation (WarnGen) software, 57 

defines the storm motion vector and determines the warning polygon geometry.  A warning text 58 

product is generated which contains a number of warning attributes, and is used to disseminate 59 

the warning to various communication outlets. 60 

 61 

After warning issuance, the storms typically traverse through the warning polygon with time, 62 

beginning at the upstream portion of the warning and ending in the downstream portion of the 63 

warning.  As the warning ages off and the storm nears the downstream end of the polygon, the 64 

forecaster decides whether to issue a subsequent new warning polygon downstream of the 65 

previous warning polygon.  For severe weather threats lasting more than the typical duration of 66 

today’s warnings (30- or 45- minutes), the storms are handled by a series of separate warning 67 

polygons which are issued one after the other, often with only a small amount of overlap (this 68 

amount varies by forecaster and office), as a storm moves along a path.  The process continues 69 
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until the warning forecaster no longer deems the storm as being severe and the final warning is 70 

allowed to expire or is canceled early. 71 

 72 

This process can lead to non-uniform, or inequitable, lead times for locations along the storm’s 73 

path – locations at the upstream ends of warnings receive much less lead time than locations at 74 

the downstream ends of warnings.  Nearly adjacent locations can have dramatically different lead 75 

times if one location is just outside the upstream warning.  The lead time discontinuities are 76 

particularly noticeable for long-track storm events at the beginning of each subsequent warning 77 

polygon in the series. 78 

 79 

This paper will describe a proposed concept for warning generation known as Threats-in-Motion 80 

(TIM).  With TIM, a warning polygon is attached to the storm threat and moves forward along 81 

with it.  It is hypothesized that allowing warnings to follow along with the storms will provide 82 

more-equitable lead times for users downstream of a storm hazard, and offer some additional 83 

benefits as well.  Section 2 will cover the background on TIM.  Next, the benefits of TIM are 84 

quantified with several examples, including a hypothetical long-tracked storm hazard in Section 85 

3, and several real-world examples in Section 4.  Section 5 describes a simplified quantitative 86 

analysis of every long-tracked storm in the NWS storm-based polygon warning era, which began 87 

on 1 October 2007.  Section 6 will wrap up the paper in a discussion. 88 

 89 

  90 
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2. Background 91 

 92 

An initiative known as Forecasting a Continuum of Environmental Threats (FACETs; Rothfusz 93 

et al. 2018), is studying innovative methods to communicate probabilistic hazard information 94 

throughout the forecast and warning process for all environmental hazards.  Integral to FACETs 95 

at, specifically, the convective warning scale, is the creation, management, and communication 96 

of gridded probabilistic threat areas that continuously update at rapid intervals.  The spatial and 97 

temporal probability profile reflects the confidence a forecaster places upon the storm to be able 98 

to produce the anticipated hazard as well as the probability the storm will strike an area over the 99 

duration of the event. 100 

 101 

The Probabilistic Hazard Information (PHI) concept for the convective weather warning scale, 102 

early software prototypes, and recent development within the AWIPS Hazard Services software, 103 

have been evaluated within the NOAA Hazardous Weather Testbed (HWT) since 2008 (Stumpf 104 

et al. 2008, Kuhlman et al. 2008, Karstens et al. 2015, Karstens et al. 2018, Hansen et al. 2018).  105 

With the PHI software, forecasters define 2D storm “objects” with geographical extent, duration, 106 

motion, and a probability trend.  The result is a series of one-minute forecasted storm objects for 107 

the duration of the event that when combined become a probability plume.  The PHI plume 108 

continuously updates at one-minute intervals, and its attributes (geometry, duration, motion, and 109 

trend) are modified at semi-regular intervals (e.g., 15 minutes) as forecaster workload allows.  110 

This results in continuously updating PHI plumes that follow the storm objects as they evolve. 111 

 112 
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Through these various HWT experiments, some of which included emergency managers and 113 

broadcast meteorologists consuming the forecaster-created PHI information for their decision-114 

making, it became obvious that a clear benefit to decision making was its more continuous flow, 115 

regardless of the provision of probabilities.  The warnings move with the storms, and end-users 116 

found that intuitive and useful.  This more continuous flow, even of just the current warning 117 

system, will enable decision makers to have the best, most up-to-date information to support 118 

decisions at any time step in the lead up to a hazardous weather event (Karstens et al. 2018). 119 

 120 

With the insights gained in early FACETs work, a first evolutionary research-to-operations step 121 

of present-day warning systems “Threats-in-Motion” (TIM; Stumpf 2012) is proposed.  This 122 

relatively simple change in the way current warnings are generated, as continuously updating 123 

polygons, can achieve major improvements in service to protect life and property.  The TIM 124 

concept is essential for any future storm-based warning system that is based on probabilistic 125 

information, because probabilities evolve continuously across time and space.  TIM provides a 126 

continuous flow of information that offers the public and decision makers improved lead time 127 

and better information about the cessation of the threat a given storm presents.  This can 128 

potentially improve societal response and decision making, especially for storms expected to live 129 

longer than the average warning duration such as the long-tracked supercells and derechos that 130 

are more prevalent during significant severe weather outbreaks, when it matters most. 131 

 132 

With TIM, the warning polygons essentially follow the storm until adjusted or cancelled.  The 133 

leading edge of each polygon inches downstream with the threat at one-minute intervals, 134 

providing uniform, or equitable, lead time for all locations downstream of a hazard.  Figure 1 135 
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depicts NWS (left) and TIM warnings (middle) with two hypothetical user locations.  For current 136 

NWS warnings, User B receives less lead time than User A.  For TIM, User A and User B 137 

receive equitable lead time.   138 

 139 

Contrast this to today, where forecasters manually adjust warning polygon boundaries via Severe 140 

Weather Statements (SVS) at warning sub-intervals, usually every 15-20 minutes (Harrison and 141 

Karstens 2017).  SVSs are constrained to the warning’s original boundaries, replacing the 142 

original warning polygon with a smaller polygon that does not advance forward (Fig. 2).  Current 143 

NWS warnings only advance forward when a brand-new warning polygon is issued, usually 144 

every 30 or 45 minutes.  In addition, with TIM, the trailing edge of the polygon is automatically 145 

removed at one-minute intervals from areas where the threat has passed, versus every 15-20 146 

minutes via an SVS.  This information could potentially support new notification modalities to 147 

the public and decision makers about not only the onset of a threat but also the diminishing threat 148 

as a storm passes a given area (e.g., “all clear”).   149 

 150 

Occasionally during high-impact severe weather events, the workload of the forecaster becomes 151 

too great to keep up with the timely issuance of subsequent new downstream warnings for each 152 

storm (Quoetone et al. 2009).  This can lead to a storm moving out of a current polygon and 153 

becoming unwarned for a short time period until the next subsequent warning is issued.  With 154 

TIM, storms remain continually tracked and warned, leading to fewer warning gaps. TIM also 155 

improves handling of motion vector changes at more rapid-intervals, as the updated warning is 156 

not constrained to its original boundaries.  Forecasters would not need to add a second warning 157 
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polygon to cover a motion vector change.  Forecasters would only need to adjust the original 158 

polygon to account for the updated storm motion. 159 

 160 

With an experimental version of the AWIPS Hazard Services software, forecasters create TIM 161 

warnings just as they do for PHI – creating 2D storm objects sans a probability trend (Hansen et 162 

al. 2018).  If the storm is expected to live beyond the typical warning duration, the forecaster 163 

turns on the “Persist” option, which sets the polygon in motion, updating at one-minute intervals.  164 

The forecaster modifies the object as workload allows, typically every ~15 minutes, to adjust the 165 

geometry, duration, motion vector, and warning details, just like today’s SVSs.  If the shape or 166 

motion of a storm changes, TIM allows for adjustments to the polygon without having to wait for 167 

a warning to near its expiration time, or issuing a potentially-confusing adjacent warning.  The 168 

same storm is depicted using the same Event Tracking Number (ETN) throughout, providing a 169 

continuous history of the storm.  As a “safety feature” to prevent a runaway TIM warning, if the 170 

forecaster does not modify the storm object after a pre-defined time (e.g., 30 minutes), the Persist 171 

option automatically turns off.  When the forecaster decides that the storm is nearing the end of 172 

its life cycle, they will turn the Persist option off and let the warning naturally expire.  For short-173 

lived storms, for example pulse-severe storms, the best practice is not to persist warnings.  Even 174 

for non-persisting warnings, the trailing end of a TIM warning is always updating and 175 

automatically clearing out places where the hazard has already passed (Fig. 1 (right)). 176 

 177 

It is hypothesized that TIM will result in greater average and more-equitable lead times and 178 

lower average departure times than present-day warnings, with the benefit of little to no impact 179 

to average false alarm time.  To test this, a hypothetical storm event and a number of real-world 180 
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storm events are analyzed to determine how TIM can improve warning services.  For these tests, 181 

the analysis is restricted to tornado warnings and observations, as NWS severe hail and wind 182 

observations are limited to point samples in space and time over a 2D area (Trapp et al 2006). 183 

 184 

 185 

3. Hypothetical Long-Tracked Storm 186 

 187 

a. Method 188 

 189 

To first analyze the benefits of TIM, a hypothetical long-tracked tornadic storm was utilized.  190 

This storm travels in a straight line, from west to east, with a constant motion vector.  The storm 191 

develops tornadic features on radar and warrants a series of tornado warnings beginning at an 192 

arbitrary time of 1900 UTC.  A tornado is observed 35 minutes after the issuance of the first 193 

warning and remains long-lived for 1 hour and 30 minutes. 194 

 195 

To compare NWS and TIM warnings, several sets of data were prepared.  The first set of data are 196 

the centroid locations of the human-inferred locations of radar-based mesocyclones during the 197 

history of the storm.  Only those portions of the mesocyclone paths between the start time of the 198 

first tornado warning to the end time of the final tornado warning are used.  Next, the 199 

mesocyclone locations were interpolated at precisely one-minute intervals at the top of each 200 

minute. These one-minute centroid locations represent the observations, or “truth.” 201 

 202 
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The second set of data are the hypothetical warning polygons.  These were built off the one-203 

minute mesocyclone centroid observations.  Motion vectors were calculated for each centroid 204 

position by doing a time-weighted average of the past points (higher weight was given to more-205 

recent positions).  The warning polygons were created using the “default” warning polygon that 206 

is created by the AWIPS WarnGen application (Fig. 3).  The default polygon uses the 207 

mesocyclone centroid as its starting point.  The ending point is based on projecting the starting 208 

point using the storm motion vector and duration.  A 20-km box is drawn around the starting 209 

threat point. A 30-km box is drawn around the projected ending point and is larger to account for 210 

storm motion uncertainty. The far corners of each box are then connected to create a trapezoidal 211 

polygon. 212 

 213 

To objectively compare the differences between the current NWS warning methodology and a 214 

TIM warning methodology so that the effect of changing the warning rate and style provided 215 

with TIM is isolated, both sets of warnings were constructed using the default WarnGen 216 

polygons.  The actual NWS warnings were not used because, in many cases, the default 217 

WarnGen polygon is edited to change its shape.  The NWS warnings generated in this manner 218 

are known as “idealized” NWS warnings.  In practice, WarnGen also allows a forecaster to 219 

manually remove a portion of the default warning extending into a downstream county if they 220 

have a lower confidence of the hazard lasting that long and to avoid triggering county-based 221 

alerting systems for that county (WDTD, 2020).  In these cases, the idealized NWS warning 222 

duration was adjusted to match only that part of the mesocyclone path covered by the warning.  223 

Hereafter, this adjusted duration is referred to as Effective Duration. 224 

 225 
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For this hypothetical case, the “original” NWS warnings had a duration of 30 minutes, and new 226 

warnings were reissued every 30 minutes so that there is a small spatial overlap from one 227 

warning to the next (the 30-km “buffer” surrounding the ending point provides this overlap).  228 

Each warning was updated by an SVS at 10-minute sub-intervals (Table 1).   229 

 230 

To determine specific warning decision points, the “original” NWS warning decision times were 231 

used for both sets of warnings.  A default warning polygon placed on the mesocyclone centroid 232 

was created at the times of each warning decision point, and they are of these types: 233 

 234 

 NEW:  A new warning on a storm, with a unique ETN. 235 

 CON:  A continuation of the NEW warning, sharing its ETN. 236 

 CAN:  A cancellation of the NEW warning earlier than its original duration. 237 

 EXP:  The expiration of the NEW warning, at its original duration. 238 

 239 

CON, CAN, and EXP are issued as SVSs, sharing the same ETN as their associated NEW 240 

warning.  When the next NEW warning is issued for the storm, the ETN changes to a new 241 

number.  The warning decision times for all of these events were used to build each set of 242 

warnings in this manner: 243 

 244 

 NWS “idealized” warnings: 245 

o NEW: 246 

 Use the Effective Duration of original NWS warning. 247 

o CON: 248 

Accepted for publication in Weather and Forecasting. DOI 10.1175/WAF-D-20-0159.1.Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/12/21 03:05 PM UTC



 

13 

 

 As per current NWS policy, CONs cannot be used to expand the area of a 249 

warning (NWS 2020a).  Therefore, the union of previous NEW warning 250 

polygon and this CON polygon was used; this truncates the area of the 251 

warning polygon (Fig. 2). 252 

o Between each warning decision time, these polygons remain static. 253 

 TIM warning: 254 

o NEW: 255 

 Duration options: a) the Effective Duration of original NWS warning 256 

(hereafter TIM-ED), or b) a fixed duration. 257 

o CON: 258 

 This polygon completely replaced the previous polygon (the new polygon 259 

can extend outside previous polygon). 260 

o Between each warning decision time, these polygons persisted along the motion 261 

vector at one-minute intervals. 262 

o Polygons persisted until the final NEW time, at which time the forward edge 263 

stopped updating, but the rear edge continued to update at one-minute intervals. 264 

 265 

For this comparison, the TIM warnings use TIM-ED, which is identical to a fixed duration of 30 266 

minutes (hereafter TIM-30) for this scenario.  For TIM-30 warnings, a new warning polygon was 267 

redrawn at every one-minute interval, resulting in a threat polygon that was continuously “in 268 

motion”.  The polygon did not necessarily drift with the same size and shape.  Instead, the 269 

polygon slightly expanded at each interval to account for the storm motion uncertainties built 270 

into the original default WarnGen polygon (Fig. 3).  For example, at time = 0 minutes, the 271 
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default polygon starting location “box” is 20 km on each side, and the ending location “box” is 272 

30 km on each side.  At time = x minutes, each box expands by 1 + (x/d) of its original size, 273 

where d is the duration of the warning (Fig. 4).  The dimensions of the polygon reset to the 274 

default at each warning decision time (at each NEW and CON).  Either set of warnings ceased at 275 

the times when CAN or EXP were issued. 276 

 277 

A new metric, called departure time (DT), was also computed. DT measures the amount of time 278 

a location remains under a warning after the threat has passed.  DT should be minimized but 279 

never be < 0 (or the warning ends before the tornado ends).  Finally, following the method 280 

presented in Stumpf and Stough (2021), a third metric called false alarm time (FAT) was also 281 

analyzed. FAT is the total accumulated time of each specific warned location that never 282 

experiences a tornado observation.  FAT is similar to False Alarm Area (FAA), the total 283 

accumulated warned area that never experiences a tornado observation.  However, FAT also 284 

takes into account the duration that a specific location is falsely warned.  The larger the warning, 285 

the greater likelihood of a larger average FAA.  The larger and longer the warning, the greater 286 

likelihood of a larger average FAT. 287 

 288 

b. Results 289 

 290 

In the case of the hypothetical storm event, the comparison was relatively straightforward, as the 291 

storm motion and warning durations remained constant throughout the event.  Tornado lead 292 

times were computed for each one-minute segment of the tornado track for 91 total segments.  293 

For the NWS warnings, as the storm moves through each warning, the warning lead time for 294 
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each segment increases by one minute from the upstream to downstream end of the warning.  295 

When the subsequent warning is issued, the lead time for those segments of the tornado that were 296 

contained within the subsequent warning “reset” such that upstream (downstream) segments 297 

have a smaller (larger) lead time.  This “saw-tooth” pattern of the NWS warning lead times 298 

indicate that those lead times are not equitable – locations in the upstream portions of each NEW 299 

warning get much less lead time than locations in the downstream portions of each NEW 300 

warning (Fig. 5).  By comparison, with each TIM-30 warning one-minute update as the warning 301 

persists, the next one-minute segment of the tornado track is placed under a warning.  The 302 

tornado lead times for the TIM-30 warnings are equitable, meaning each location along the 303 

tornado path gets roughly the same lead time. Note that most of the lead times for the TIM-30 304 

warnings are larger than 30 minutes.  This is due to the square “buffer” surrounding the ending 305 

point of the default polygon.  This extends the warning slightly beyond its intended duration. 306 

 307 

For the hypothetical storm, Figure 6 shows the distribution of lead time (LT), DT, and FAT for 308 

both the NWS warnings and the TIM-30 warnings.  LT is much more equitable for TIM-30 309 

warnings than it is for NWS warnings.  The values are more spread out for NWS warnings.  The 310 

values are more compact (more equitable) and on average, much higher for TIM-30 warnings.  311 

Not a single portion of the tornado path has LT < 41 minutes with TIM-30 warnings.  The DT 312 

distribution also shows a similar comparison, with the values being more compact, and on 313 

average, lower for TIM-30.  Finally, for FAT, the values are less dispersed for NWS because of 314 

the smaller number of actual warnings issued.  However, the average FATs remain nearly the 315 

same for both NWS and TIM-30.  This is important, as improving LT and DT without increasing 316 

average FAT is desired. 317 
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 318 

Looking at averages for all points along the tornado path (Table 2), the average LT is improved 319 

by a factor of 1.5 for TIM-30, the average DT is reduced for TIM-30, and the average FAT 320 

remains the same.  LT equitability is measured using both the mean absolute deviation (MAD; 321 

the average of the absolute deviations from the mean) and the interquartile range (IQR; the 322 

difference between 75th and 25th percentiles) of the distribution.  The values of MAD and IQR 323 

for the TIM-30 warnings are much less than for the NWS warnings. 324 

 325 

To determine the impact of TIM on non-tornadic storms, we repeated the above test with no 326 

tornado.  Lead time or departure time cannot be measured if there are no tornadoes.  The average 327 

FAT only slightly increases to 36.1 (34.8) minutes for NWS (TIM-30) warnings because the 328 

tornado observations represent only a very small percentage of the warning area. 329 

 330 

By comparison, the average lead time of warnings could be increased by simply increasing the 331 

duration of the warnings, but there are downsides.  To illustrate this, NWS warnings were 332 

created for the hypothetical storm event with fixed durations of 30, 60, 90, and 120 minutes 333 

(NWS-30 [or simply NWS], NWS-60, NWS-90, and NWS-120 warnings respectively).  The 334 

results shown in Table 2 indicate that while average LT can be improved using longer warning 335 

durations, the average FAT increases as the fixed NWS warning durations are increased.  In 336 

addition, the LTs are less equitable as the MAD and IQR for each duration are much larger than 337 

the values with TIM-30 warnings.  Thus, increasing warning duration to improve lead time is not 338 

advised. 339 

 340 
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 341 

4. Results from actual events 342 

 343 

a. Lee County, Alabama (3 March 2019) 344 

 345 

A 69-mile long tornado tracked across portions of Macon and Lee Counties in Alabama and 346 

continued into Muscogee, Harris, and Talbot Counties in Georgia on 3 March 2019.  This 347 

tornado was rated EF4 and resulted in 23 fatalities.  Most of the deaths occurred in the rural 348 

community of Beauregard, AL, in site-built and manufactured homes.  The long-tracked tornado 349 

existed between 2000-2116 UTC (76 minutes).  The tornado was continuously warned from 350 

1849-2130 UTC, with the Alabama portion warned by the Birmingham, AL NWS WFO, and the 351 

Georgia portion warned by the Peachtree City, GA WFO.  352 

 353 

The tornado began in eastern Macon County, AL, at 2000 UTC.  The tornado warning for Macon 354 

County was issued at 1919 UTC, which gives an initial lead time of the long-tracked tornado of 355 

41 minutes.  The next warning issued was for Lee County at 1958 UTC.  The tornado crossed the 356 

Lee County border at 2003 UTC, which gives that location a 5-minute lead time.  Just 3 minutes 357 

later, at 2006 UTC, the tornado strengthened to EF4 (74-89 ms-1), which led to only 8 minutes of 358 

lead time at the location where 19 of the 23 fatalities occurred.  These two locations are shown in 359 

Figure 7. 360 

 361 

For this and the other storm events that follow, the mesocyclone paths were manually determined 362 

by identifying the approximate centroid location using the WSR-88D radar with the most-363 
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optimal view.  The procedure outlined in Section 3a was used to create a set of NWS warnings 364 

and two sets of TIM warnings: 1) TIM-ED, and 2) TIM-30, from the manually-identified 365 

mesocyclone (Fig. 7). 366 

 367 

The lead times at the two specific locations mentioned earlier is increased to 44 minutes with 368 

TIM-ED warnings.  Figure 8 depicts the timeline of lead time along each one-minute segment of 369 

the tornado.  NWS warning lead time shows discontinuities along the path, with some locations 370 

receiving much less lead time than others.  TIM-ED warning lead times are more equitable with 371 

a greater lead time for the entire tornado. 372 

 373 

As with the hypothetical storm case, the average LT is increased for TIM-ED, the average DT is 374 

decreased, and the average FAT is about the same (Table 2).  Noteworthy for this event, for the 375 

NWS warnings, most of the 1-km segments of the tornado path have LT < 35 minutes, and for 376 

some of the 1-km tornado segments, LT < 10 minutes, including the EF4/fatality area in Lee 377 

County, AL.  Comparatively, for the TIM-ED warnings, not a single portion of the tornado path 378 

has a LT < 31 minutes, and notably, the average FAT is not increased. 379 

 380 

Figure 9 shows the distribution of LT for each one-minute tornado segment (distributions of DT 381 

and FAT are not shown, but follow similar trends as in the hypothetical case).  As in the 382 

hypothetical storm case, the NWS warning LTs are spread out and are mostly in the range of 5-383 

35 minutes.  The TIM-ED warning LTs are on average higher, mostly in the range of 30-45 384 

minutes, and are more equitable then NWS as seen in the reduced MAD and IQR. 385 

 386 
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For TIM-30 warnings, average LT and DT are slightly more improved, with little impact to 387 

average FAT (Table 2).  The fixed-duration warnings have the best LT equitability, with the 388 

lowest MAD and IQR. 389 

 390 

 391 

b. Southern Mississippi (12 April 2020) 392 

 393 

Two tornadic supercells tracked across portions of southern Mississippi on 12 April 2020.  These 394 

training supercell storms covered nearly the same paths but 45 minutes apart.  The first storm 395 

produced five tornadoes including a 21-mile and a 68-mile long tracked tornado, both rated EF4 396 

and responsible for 12 total deaths.  The second storm produced two tornadoes including an 84-397 

mile long-tracked EF3 tornado.  The procedure outlined in Section 3a was used to create: 1) a set 398 

of NWS warnings, and 2) a set of TIM-ED warnings – because the average length of the original 399 

warnings was about 55 minutes – from the manually-identified mesocyclones (Fig. 10). 400 

 401 

This first set of results examines the lead time timelines for each storm individually – the 402 

warnings that were specifically issued for the other storm are ignored.  Figure 11 (top) depicts 403 

the timeline for the first tornadic storm.  From 2039-2140 UTC, the NWS and TIM-ED lead 404 

times are nearly identical.  For the portions of the tornado track contained within the earliest 405 

NWS warning on a storm, TIM does not outperform the NWS warnings.  TIM performs better 406 

beginning with the portions of the tornado track contained within the second NWS warning and 407 

continues with later warnings on a long-tracked storm.  Restricting the analysis period to 2141-408 

2239 UTC, the average LT more than doubles, average DT is reduced by about half, and the 409 
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average FAT is about the same for TIM-ED warnings (Table 2).  LT equitability is about the 410 

same for both NWS and TIM-ED. 411 

 412 

There is similar improvement with TIM-ED on the second tornadic storm.  Because the first 413 

tornado warning on this storm preceded the first tornado by 47 minutes, the entire lifetime for 414 

this storm is examined (Fig. 11 bottom).  The average LT is greater, average DT is reduced, and 415 

the average FAT is slightly reduced (Table 2).  The LT is slightly more equitable – the MAD and 416 

IQR for the TIM-ED warnings are less than for the NWS warnings (distributions not shown). 417 

 418 

However, when taking both storms combined, a different story emerges, as the average DT 419 

nearly doubles for the TIM-ED warnings (Table 2).  The original NWS warnings for the second 420 

storm were truncated downstream as to not include the first storm (with one small exception), 421 

and because these warnings remained static, they did not overlap the first storm.  However, 422 

because the TIM-ED warnings were in motion, they began to overlap the first storm as they 423 

move downstream.  In essence, the tornado locations on the first storm remained warned by the 424 

second storm’s warnings even after the tornadoes had moved away from those locations.  This is 425 

seen as a double peak in the DT distribution for the TIM-ED warnings (and the small exception 426 

in the NWS warning distribution) (Fig. 12). 427 

 428 

All of these scenarios were repeated using TIM-30 warnings (Table 2, Fig. 11).  LT is improved 429 

in all three scenarios, although not as much as TIM-ED for the first storm as the average warning 430 

durations were quite long.  DT is improved on the individual storms, but not on both storms 431 

combined for the same reasons above.  Because of the fixed durations of TIM-30 warnings, the 432 
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LTs are overall far more equitable on the individual storms, as seen by the greatly reduced MAD 433 

and IQR. 434 

 435 

 436 

c. Central Alabama (27-28 April 2011) 437 

 438 

A similar analysis was made of the long-tracked tornadic storm that moved across central 439 

Alabama on 27 April 2011, during the Super Outbreak.  This storm produced two long-tracked 440 

EF4 tornadoes, one that affected Tuscaloosa (TCL) and Birmingham (BHM) from 2143-2314 441 

UTC (91 minutes, 81 miles, 64 deaths), and a second from 2328-0115 UTC (107 minutes, 97 442 

miles, 22 deaths).  The storm was continuously tornado-warned except for a two-minute gap near 443 

the beginning of the first tornado.  The first tornado warning for this storm was issued upstream 444 

in Mississippi at 2009 UTC.  The procedure outlined in Section 3a was used to create a set of 445 

NWS warnings and two sets of TIM warnings for the portion of the TCL-BHM storm within 446 

Alabama from 2038-0044 UTC: a) TIM-ED because the average length of the original warnings 447 

was about 57 minutes, and b) TIM-30, from the manually-identified mesocyclones (Fig. 13). 448 

 449 

For TIM-ED, the average LT is more than doubled, the average DT is reduced, and the average 450 

FAT is reduced (Table 2).  The timeline shows that there are several portions of the tornado 451 

paths with NWS warning LT < 10 minutes, including a few segments with LT < 0 across the 452 

unwarned gap – each were much improved using TIM (Fig. 14).  The LT is less equitable – the 453 

MAD and IQR for the TIM-ED warnings are higher than for the NWS warnings – but because 454 

the average lead times are much higher, this tradeoff is acceptable.  For comparison, using TIM-455 
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30 also results in smaller but still improved average LT, a similar reduction in average DT, and a 456 

reduction in average FAT.  With TIM-30, the LT is more equitable (lower MAD and IQR) than 457 

for the NWS and TIM-ED warnings. 458 

 459 

 460 

d. Performance on two major severe weather outbreaks 461 

 462 

An analysis was performed on two major tornado outbreaks.  The first outbreak was a series of 463 

tornadoes and supercells that occurred on 14-15 April 2012.  There were 153 tornadoes across 464 

four states, but this analysis concentrated on 43 tornadoes that occurred in association with seven 465 

long-tracked supercells across northern Oklahoma and southern Kansas from 1840-0530 UTC. 466 

 467 

The second outbreak was the Super Outbreak of 27-28 April 2011 in the southeast U.S. with a 468 

record 360 tornadoes.  This analysis concentrated on the afternoon through late evening 469 

tornadoes associated with many long-tracked supercells.  Specifically, the domain was restricted 470 

geographically to the WFOs Jackson, MS, Birmingham, AL, Huntsville, AL, and Peachtree City, 471 

GA, and to the period 1830-0900 UTC.  Only the tornadic supercells were analyzed.  This 472 

included 45 tornadoes (15 of which were violent EF4 or EF5 tornadoes) from 21 long-tracked 473 

supercells.  Many of these tornadoes were exceptionally long-tracked, with eight tornadoes 474 

exceeding 50 miles, including three tornadoes exceeding 100 miles. 475 

 476 

The procedure outlined in Section 3a was used to create a set of NWS warnings and TIM tornado 477 

warnings, from the manually-identified mesocyclones for both outbreaks (Fig. 15).  For this 478 
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analysis there were three sets of TIM warnings: a) TIM-ED, b) TIM with a 45-minute fixed 479 

duration (hereafter TIM-45), and c) TIM-30. 480 

 481 

With both outbreaks the average LTs are improved using all three TIM durations (Table 2).  For 482 

the 2012 event, the average LT is improved by a factor of 1.5 to 2.  For the 2011 event, the 483 

average LT for TIM-30 is improved, but not as much as TIM-ED or TIM-45.  The average 484 

duration of the warnings on the 2011 event (45 minutes) is greater than the average for the 2012 485 

event (38 minutes).  This difference could be related to an overall reduction in average warning 486 

durations between 2011 and 2012 due to changing NWS policies (Brooks and Correia 2018), or 487 

just a reaction to the increased workload of the 2011 event by forecasters due to the much larger 488 

number of tornadic storms ongoing simultaneously.  Because the average duration of the 2011 489 

event matches the fixed duration of TIM-45, the average LT, DT, and FAT are similar to TIM-490 

ED, yet the fixed-duration warnings are more equitable. 491 

 492 

For the 2012 event, LTs are most equitable for TIM-30 (Table 2).  This is most likely because 493 

the average warning durations were less than 45 minutes.  For the 2011 event, the TIM-ED 494 

warnings are about as equitable that the NWS warnings, even though the average LT is 495 

improved.  Using TIM-45 or TIM-30, the equitability is greatly improved.   496 

 497 

These statistics show that the best selection of TIM warning duration is one that is close to the 498 

original average duration of the NWS warnings, and uses a fixed (versus Effective) duration.  499 

However, as could be seen on a storm-by-storm basis in the southern Mississippi case, as well as 500 

the other individual cases earlier in this section, any choice of duration can provide more-501 
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equitable LTs for that individual storm.  Using Effective Duration on entire outbreaks as a whole 502 

can reveal less equitability because the durations can vary greatly from warning to warning 503 

across the outbreaks, and because training storms may be captured by warnings from other 504 

storms. 505 

 506 

 507 

5. Analysis of long-track tornado events from 2008-2020 508 

 509 

In order to understand the true scope of the problem, the entire set of long-tracked tornado events 510 

in the NWS storm-based polygon era was analyzed for the period from 1 October 2007 – 30 511 

April 2020, which includes 433 tornadoes.  Long tracked tornadoes were defined as having: 1) a 512 

path length was greater than or equal to 40 km, and/or 2) a duration was greater than or equal to 513 

30 minutes.  These events have a high likelihood to have been covered by more than one 514 

warning.  All “county sections” in the tornado event database were combined into single 515 

tornadoes. 516 

 517 

The NWS treats unwarned one-minute segments as having LT = 0 minutes.  This is problematic, 518 

as it can be shown that the lead time is a linear function of the POD (Brooks, personal 519 

communication).  In other words, any missed tornado segments are treated as having been 520 

accurately warned for, with a warning being issued at the same time as the event.  Therefore, for 521 

this analysis, unwarned segments were treated as having LT < 0 if a warning was issued before 522 

the end of the tornado.  If a tornado remained unwarned throughout its lifetime, then it was not 523 

used. 524 
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 525 

For each tornado, the NWS Stats on Demand site (NWS 2020b) was used to construct tornado 526 

timelines of the one-minute segment lead times for all long-tracked tornadoes.  In addition, the 527 

Iowa Environmental Mesonet radar and warning viewer (IEM, 2020) was used to determine the 528 

earliest tornado warning for the storm that produced the tornado.  The earliest tornado warning 529 

time was used to generate the TIM warning set for that storm.  Assuming that continuous TIM 530 

warnings will minimize unwarned gaps, any gaps of less than 30 minutes were ignored when 531 

determining the earliest warning on a storm. 532 

 533 

Figure 16 (top) depicts the distribution of the entire set of one-minute tornado segment leads 534 

times using the NWS warnings – 20,070 segments.  The curve distribution is slightly skewed to 535 

the left, and it is fairly uniform.  6% of the tornado LTs are negative or zero, and 77% (95%) of 536 

the tornado segments have a lead time of less than an intended warning duration of 30 (45) 537 

minutes. 538 

 539 

For each tornado, a theoretical TIM lead time timeline was determined.  For simplicity, the TIM 540 

lead times were maximized at 30 and 45 minutes respectively, even though an NWS warning 541 

using the default warning polygon (Fig. 3) includes square “buffer” that surrounds the ending 542 

point of the default WarnGen polygon to account for motion uncertainty.  It is beyond the scope 543 

of this paper to determine how far ahead of each tornado in the large long-tracked tornado 544 

database that the default warning would extend, and it could not be estimated easily due to 545 

variable storm motions and warning durations.  For example, for a storm moving 12.5 (25) m s-1, 546 

the actual TIM-30 lead times would be closer to 35 (40) minutes, resulting in higher average lead 547 
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times and a shift of the distributions toward higher values.  Yet even with this limitation, TIM 548 

offers improved lead times for these long-tracked events. 549 

 550 

The TIM lead times were set to 30 (45) minutes for the entire tornado if the first tornado warning 551 

for that storm was issued more than 30 (45) minutes prior to the tornado start time.  However, if 552 

the first tornado warning for the storm occurred less than 30 (45) minutes prior to the tornado 553 

start time, then the TIM lead time was based on the difference between the tornado segment time 554 

and the warning start time.  For this reason, the lead time distributions for the TIM warnings 555 

have values that are less than 30 (45) minutes, although they only represent 23% (34%) of all 556 

tornado segment lead times.  Comparing this to the numbers shown above for the NWS 557 

warnings, TIM-30 (TIM-45) warnings improve NWS warning values by a factor of 3.35 (2.79). 558 

 559 

The real value of TIM arises beginning with the issuance of the second warning on a storm (as 560 

seen on the southern Mississippi case) – prior to the start of the second warning, the NWS and 561 

TIM lead times are identical.  Removing those portions of the tornado segments that were 562 

warned with the first tornado warning on that storm better highlights the impact that TIM has on 563 

tornado lead times, specifically for long-tracked storms that are warned more than once.  In those 564 

cases, the lead time distributions for the TIM warnings with values that are less than 30 (45) 565 

minutes represent only 4% (13%) of all tornado segment lead times that include the second and 566 

subsequent warnings on the storm.  TIM-30 (TIM-45) warnings improve the original values by a 567 

factor of 19.25 (7.31).  The average LT is improved and the warnings are more equitable for TIM 568 

for both durations (Table 3).  The values of IQR for TIM are 0.0 because there is no variability in 569 

the middle 50% of both TIM data sets due to maximizing LT at 30 and 45 minutes respectively. 570 
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 571 

For individual one-minute tornado segments starting with the second warning on a storm, the 572 

distribution of lead time differences between NWS, TIM-30, and TIM-45 are shown in Figure 16 573 

(middle, bottom).  For TIM-30 (TIM-45) warnings, 71% (93%) of the tornado segments have a 574 

longer lead time than NWS warnings.  For every segment whose lead time was reduced using 575 

TIM warnings, the durations are never less than the fixed duration of the TIM warning.  576 

Wherever the TIM lead time is less than the TIM duration, the TIM lead time is always greater 577 

than the NWS lead time. 578 

 579 

 580 

6. Discussion 581 

 582 

A more continuous flow of information with TIM warnings includes the following benefits: 583 

 584 

 Increased average, and more equitable, warning lead times. 585 

 Lower average departure times. 586 

 Little impact to average false alarm time. 587 

 Supports the capability to provide automated “all clear” information when the threat has 588 

passed. 589 

 Rapidly and consistent updating to valid warnings, with very specific spatial coverage, 590 

providing greater temporal and spatial precision. 591 

 Forecasters have more control over an efficient issuance of warnings and improved 592 

handling of storm motion changes. 593 
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 Fewer warning gaps. 594 

 The potential for lower forecaster workload. 595 

 One storm shares the same ETN throughout its lifecycle. 596 

 597 

As part of a VORTEX-Southeast study, Myers (2019) investigated the perceived strengths and 598 

gaps in weather warning communication among residents of Alabama.  Her research indicates, 599 

“…that location and timing are probably two of the most critical elements in the messaging 600 

process”, and “Location is critical because people do not want to change their behavior unless 601 

required. Timing is also a critical issue for the public because they want to know when they 602 

should prepare to take action.”  In addition, a key finding from this study was that a significant 603 

element missing in the current system is an “all clear” indicator.  Myers went on to say, “The 604 

public perceives there is minimal information provided regarding when the danger has passed. 605 

They may come out of their shelters too soon or they may stay too long in their shelters and 606 

become agitated because they do not know when they will be safe.”  TIM is a solution that can 607 

help fill these communication gaps more effectively and with greater frequency. 608 

 609 

There is some question as to whether longer lead times is a good thing, and whether too long of 610 

lead times might lead some to consider improper actions to protect from severe weather (e.g., 611 

growing impatient while in shelter and leaving before the hazard hits).  Hoekstra et al. (2011) 612 

found a preferred lead time of 34.3 minutes among their survey respondents.  Based on that 613 

finding, TIM-30 warnings might be the most appropriate (and as stated earlier, a 30-minute 614 

default warning polygon actually offers about 35-40 minutes of lead time).  However, longer 615 

lead times than that might be possible if warnings could provide location-specific timing 616 
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information as Myers’ research indicates.  The 2D object-centric method for warning creation 617 

with the AWIPS Hazard Services software provides meaningful time of arrival and departure 618 

information to satisfy this concern.  In addition, some of the data presented indicate that training 619 

storms (as in Section 3c) can lead to overlapping fixed-duration warnings.  In these cases, it 620 

might be best to truncate any overlapping warnings, or to provide additional information within 621 

the warnings about multiple times of arrival for each threat.   622 

 623 

The TIM concept has been subject to early evaluations and policy discussions.  During a NOAA 624 

HWT experiment in October 2019, NWS forecasters created TIM warnings, and emergency 625 

managers and broadcast meteorologists used the TIM warnings for their decision-making.  626 

Reaction was primarily positive, with a consensus that TIM should be considered for all tornado 627 

warnings, and for isolated storms and derecho events for severe thunderstorm warnings. 628 

 629 

Implementing TIM would require substantial modifications to the national warning 630 

dissemination system.  To understand the full scope of concerns and gauge NWS and partner 631 

interest in the technology, a two-day TIM workshop was held in Norman, OK, in August 2019.  632 

This workshop was attended by approximately 40 people, including representatives from all 633 

NWS regions and multiple national centers and headquarters offices of the NWS, OAR, federal 634 

and local emergency management, broadcast meteorologists, and private sector partners.  The 635 

purpose of this workshop was focused on the potential implementation of the TIM concept for 636 

convective warnings (as well as convective weather watches as issued by the Storm Prediction 637 

Center) as an initial operational step in the FACETs paradigm that could significantly enhance 638 

the continuous flow of information in comparison to the current watch/warning paradigm.   639 

Accepted for publication in Weather and Forecasting. DOI 10.1175/WAF-D-20-0159.1.Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/12/21 03:05 PM UTC



 

30 

 

 640 

The workshop had several key outcomes.  The workshop participants overwhelmingly supported 641 

NOAA moving the TIM concept for convective weather warnings toward and into operations 642 

with all deliberate speed.  Perhaps the most critical short-term need to move TIM forward is to 643 

establish optimal data formats as well as dissemination and notification modalities.  Particular 644 

focus should be made on systems such as the Integrated Public Alert & Warning System, the 645 

Emergency Alert System, the Wireless Emergency Alert system, and NOAA Weather Radio, for 646 

television, radio, Internet, and mobile technology, in order to meet the needs of those end users 647 

and assure that public receipt of warnings remains whole. 648 

 649 

This promising, innovative approach is under consideration for transition to NWS operations.  650 

Implementation requires development of a concept of operations with careful consideration 651 

given to nuances associated with the dissemination of warnings under the TIM paradigm, 652 

including addressing erratic spatial changes to rapidly updating warning boundaries, dealing with 653 

county and WFO boundaries, and the determination of data formats and dissemination standards.  654 

Consideration should also be given to ensuring consistency and continuity between the issuance 655 

of severe weather and tornado warnings with warnings issued for other hazards, and to 656 

facilitating a cultural, paradigm, and policy shift within NWS. 657 

 658 

  659 
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Tables 761 

 762 

 763 

Table 1.  The warning decision times for the hypothetical storm case.  The definitions of NEW, 764 

CON, and EXP event types are in the body of the paper.  ETN is the Event Tracking Number. 765 

 766 

 767 

Time Event                       NWS                          TIM 768 

(UTC) Type  ETN Action                    Persist ETN Action                    Persist 769 

1900 NEW 1 draw new polygon no 1 draw new polygon front, back 770 

1910 CON 1 truncate polygon no 1 draw new polygon front, back 771 

1920 CON 1 truncate polygon no 1 draw new polygon front, back 772 

1930 NEW 2 truncate polygon no 1 draw new polygon front, back 773 

1940 CON 2 draw new polygon no 1 draw new polygon front, back 774 

1950 CON 2 truncate polygon no 1 draw new polygon front, back 775 

2000 NEW 3 truncate polygon no 1 draw new polygon front, back 776 

2010 CON 3 truncate polygon no 1 draw new polygon front, back 777 

2020 CON 3 draw new polygon no 1 draw new polygon front, back 778 

2030 NEW 4 truncate polygon no 1 draw new polygon front, back 779 

2040 CON 4 truncate polygon no 1 draw new polygon front, back 780 

2050 CON 4 truncate polygon no 1 draw new polygon front, back 781 

2100 NEW 5 draw new polygon no 1 draw new polygon back 782 

2110 CON 5 truncate polygon no 1 truncate polygon back 783 
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2120 CON 5 truncate polygon no 1 truncate polygon back 784 

2130 EXP 5 end warning no 1 end warning no 785 

  786 
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Table 2.  Average lead time, average departure time, average false alarm time, mean absolute 787 

deviation, and interquartile range for all one-minute tornado segments for the various storm 788 

events and warning types described in Sections 3 and 4.  Units are minutes. 789 

 790 

Case Warning Average Average Average Mean Inter- 791 

 Type Lead Departure False Alarm Absolute Quartile 792 

  Time Time Time Deviation Range 793 

Hypothetical NWS-30 29.7 13.5 35.5 7.9 16.0 794 

Storm NWS-60 57.5 13.5 49.2 8.1 16.0  795 

 NWS-90 75.8 13.5 60.0 13.0 23.0 796 

 NWS-120 85.0 13.5 68.7 18.9 37.0 797 

 TIM-30/ED 45.0 10.1 34.3 0.7 1.0 798 

 799 

3 March 2019 NWS 21.4 15.3 30.8 7.1 13.0 800 

(Lee County AL) TIM-30 38.8 7.3 27.0 2.7 5.0 801 

 TIM-ED 35.5 7.2 26.9 3.5 8.0 802 

 803 

12 April 2020 NWS 24.0 12.2 29.9 8.2 14.0 804 

(MS; first storm; TIM-30 40.4 7.2 26.4 1.8 4.0 805 

2141-2239 UTC) TIM-ED 53.0 7.1 26.8 7.7 16.0 806 

 807 

12 April 2020 NWS 24.1 10.5 29.7 9.4 18.0 808 

(MS; second TIM-30 41.1 6.4 27.4 2.0 4.0 809 
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storm) TIM-ED 36.1 6.4 25.0 8.1 15.0 810 

 811 

12 April 2020 NWS 26.2 14.2 30.0 11.4 20.0 812 

(MS; both TIM-30 49.1 27.8 30.8 15.4 28.0 813 

storms) TIM-ED 50.5 24.6 31.3 13.3 23.0 814 

 815 

27-28 April 2011 NWS 24.1 11.1 37.8 11.0 17.0 816 

(TCL-BHM storm; TIM-30 40.1 6.8 28.8 3.8 7.0 817 

2038-0044 UTC) TIM-ED 54.7 6.7 31.9 17.9 42.0 818 

 819 

14-15 April 2012 NWS 28.1 20.2 37.1 11.4 20.0 820 

(outbreak) TIM-30 46.2 11.1 30.6 6.8 8.0 821 

 TIM-45 59.1 10.7 35.3 10.5 14.0 822 

 TIM-ED 40.5 11.0 28.3 8.3 11.0 823 

 824 

27-28 April 2011 NWS 30.9 21.3 39.0 12.9 22.0 825 

(outbreak) TIM-30 41.3 14.5 29.5 4.7 5.0 826 

 TIM-45 53.8 15.7 34.5 7.6 8.0 827 

 TIM-ED 47.4 14.3 29.7 13.2 23.0 828 

  829 
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Table 3.  Average lead time, the mean absolute deviation, and the interquartile range for all long-830 

tracked tornado one-minute segments starting from the second tornado warning for the period 1 831 

October 2007 – 30 April 2020.  The first (last) two rows depict NWS and TIM warnings adjusted 832 

for 30-minute (45-minute) durations.  Units are minutes. 833 

 834 

Warning Average Mean Inter- 835 

Type Lead Absolute Quartile 836 

 Time Deviation Range 837 

NWS-30 22.4 10.8 18.0 838 

TIM-30 29.7 0.5 0.0 839 

NWS-45 21.8 10.6 18.0 840 

TIM-45 43.4 2.7 0.0 841 

  842 
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Figures 843 

 844 

 845 

 846 

Figure 1.  Comparison of current NWS warning practice using separate polygons (left), to TIM 847 

with the Persist option turned on (middle), and TIM with Persist option turned off (right).  The 848 

position of two hypothetical users are shown as A and B on the left and middle.  Images are 849 

shown at 10-min intervals; the intermediate one-minute TIM polygons are not shown.  The blue-850 

grey “blob” represents a hypothetical storm core.  851 
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 852 

Figure 2.  The construction of truncated polygons used for Severe Weather Statements (SVS).  853 

Ten minutes after an initial polygon is issued (top), the next polygon is the union of two 854 

polygons (middle), resulting in the truncated polygon (bottom).  855 
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 856 

Figure 3. The default warning polygon that is produced by AWIPS WarnGen.   857 
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 858 

Figure 4.  Illustration of how the TIM warnings expand with time.   859 
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 860 

Figure 5.  Timeline of one-minute tornado segment lead times (min).  NWS warnings in blue, 861 

TIM-30 warnings in red.  The red arrows indicate locations where new NWS warnings became 862 

effective for that portion of the tornado track.  Times are UTC.  863 
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 864 

Figure 6.  Frequency distribution histograms of values for each one-minute tornado segment for 865 

the hypothetical storm: (top-left) lead time (LT) for NWS warnings, (middle-left) departure time 866 

(DT) for NWS warnings, (bottom-left) false alarm time (FAT) for NWS warnings, (top-right) 867 

lead time for TIM-30 warnings, (middle-right) departure time for TIM-30 warnings, (bottom-868 

right) false alarm time for TIM-30 warnings.  Units are minutes.  869 
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 870 

Figure 7.  Mesocyclone centroid path for the Lee County, AL, tornadic storm on 3 March 2019.  871 

The tornadic (non-tornadic) portion of the path used for the analysis is red (blue).  The two 872 

locations mentioned in the text are annotated.  873 
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 874 

Figure 8.  Timeline of one-minute tornado segment lead times (min) for the Lee County, AL, 875 

tornado on 3 March 2019.  NWS warnings in blue, TIM-30 warnings in red, TIM-ED warnings 876 

in magenta.  The red arrows indicate locations where new NWS warnings became effective for 877 

that portion of the tornado track.  Times are UTC.  878 
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 879 

Figure 9.  Frequency distribution histograms of values for each one-minute tornado segment for 880 

the Lee County, AL, tornado on 3 March 2019: (top) lead time for NWS warnings, (middle) lead 881 

time for TIM-ED warnings, and (bottom) lead time for TIM-30 warnings.  Units are minutes. 882 
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 883 

Figure 10.  Mesocyclone centroid paths for the two southern Mississippi storms on 12 April 884 

2020.  The tornadic (non-tornadic) portion of the path used for the analysis is red (blue).  885 
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 886 

Figure 11.  Timeline of one-minute tornado segment lead times (min) for the first tornadic storm 887 

(top) and the second tornadic storm (bottom) from the southern Mississippi event on 12 April 888 

2020.  NWS warnings in blue, TIM-30 warnings in red, TIM-ED warnings in magenta.  The red 889 

arrows indicate locations where new NWS warnings became effective for those portions of the 890 

tornado tracks.  Gaps indicate when there were no tornadoes.  Times are UTC.  The purple box 891 

outlines the period 2141-2239 UTC for the first tornadic storm (top).  892 
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 893 

Figure 12.  Frequency distribution histograms of values for all one-minute tornado segments for 894 

both tornadic storms combined from the southern Mississippi event on 12 April 2020: (top) 895 

departure time for NWS warnings, (bottom) departure time for TIM-ED warnings.  Units are 896 

minutes.  897 
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 898 

Figure 13.  Mesocyclone centroid path for the central Alabama tornadic storm that affected 899 

Tuscaloosa and Birmingham on 27 April 2011.  The tornadic (non-tornadic) portion of the path 900 

used for the analysis is red (blue).  901 
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 902 

Figure 14.  Timeline of one-minute tornado segment lead times (min) for the central Alabama 903 

tornadic storm that affected Tuscaloosa and Birmingham on 27-28 April 2011, for the portion of 904 

the storm within Alabama from 2143-0044 UTC.  NWS warnings in blue, TIM-30 warnings in 905 

red, TIM-ED warnings in magenta.  The red arrows indicate locations where new NWS warnings 906 

became effective for those portions of the tornado tracks.  The gap indicates when there was no 907 

tornado.  Times are UTC.  908 
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 909 

Figure 15.  Mesocyclone centroid paths for: (top) 14-15 April 2012, (bottom) 27-28 April 2011.  910 

The tornadic (non-tornadic) portion of the path used for the analysis is red (blue).  For the top 911 
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figure, the green path is used to distinguish the mesocyclone path that overlaps an earlier path.  912 

Non-tornadic mesocyclones are not included.  913 
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  914 

Figure 16.  Top:  Frequency distribution histogram of the entire set of one-minute tornado 915 

segment NWS warning leads times (min) for long-tracked tornadoes from 1 October 2007 – 30 916 

April 2020.  Middle:  Frequency distribution histograms of lead time differences (min) between 917 

NWS and TIM warnings adjusted for 30-minute durations for all long-tracked tornado one-918 
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minute segments starting from the second tornado warning for the same period.  The red portion 919 

of the bars depict the numbers of difference values where the TIM lead time is less than the 920 

specified TIM duration. Bottom:  Same as middle, but for warnings adjusted for 45-minute 921 

durations. 922 
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